The GroES binding site at the apical domain of GroEL, mostly consisting of hydrophobic residues, overlaps largely with the substrate polypeptide binding site. Essential contribution of hydrophobic interaction to the binding of both GroES and polypeptide was exemplified by the mutant GroEL(L237Q) which lost the ability to bind either of them. The binding site, however, contains three hydrophilic residues, E238, T261, and N265. For GroES binding, N265 is essential since GroEL(N265A) is unable to bind GroES. E238 contributes to rapid GroES binding to GroEL because GroEL(E238A) is extremely sluggish in GroES binding. Polypeptide binding was not impaired by any mutations of E238A, T261A, and N265A. Rather, these mutants, especially GroEL(N265A), showed stronger polypeptide binding affinity than wild-type GroEL. Thus, these hydrophilic residues have a dual role; they help GroES binding on one hand but attenuate polypeptide binding on the other hand.
The bacterial GroE chaperonin system consisting of GroEL and GroES facilitates folding of nonnative proteins in vivo and in vitro (1) (2) (3) . Crystal structure of Escherichia coli GroEL revealed that GroEL has a structure of a double heptameric ring stacked back-toback with a central cavity in each ring (4) . GroES also forms a heptameric ring with dome-shaped structure and binds to one or both ends of GroEL in the presence of AT(D)P (5-7). GroEL binds wide range of nonnative protein and sequesters it into the cavity upon GroES binding (cis complex), providing nonnative protein an environment for efficient folding (7) (8) . ATP hydrolysis in cis-ring and ATP binding to the opposite side (trans) ring induce the release of GroES and ADP from cisring, allowing the substrate protein to escape from the cavity (9) .
Mutational works on GroEL have indicated that the binding site for GroES and that for polypeptide on GroEL largely overlap each other and most of essential residues for the binding of GroES and polypeptide are hydrophobic ones (10) . In the crystal structure of GroEL, the overlapping binding site is located at the inner rim of the central cavity and involves residues of helices H and I at the apical domain of GroEL (4, 10) . Comparison of structures of GroEL/ADP/GroES complex and peptide-bound mini-chaperone (truncated apical domain of GroEL) further revealed the remarkable similarity between the binding manner of GroES and that of polypeptide (11) . In GroES/polypeptide binding site, most residues are hydrophobic and it has been demonstrated that L234, L237, L259, V263, and V264 are essential for GroES/polypeptide binding (10) . However, three hydrophilic residues, E238, T261 and N265 also exist in the binding site and conserved in nearly all of GroEL family ( Fig. 1 ). In the crystal structure of mini-chaperone, N265 provides two hydrogen bonds to the main chain of bound peptide. This is also the case in GroEL/ADP/GroES complex; two hydrogen bonds exist between N265 and the bound GroES (7). Fenton et al. reported that N265 were necessary for GroES binding but not for polypeptide binding (10) . Here, we report that E238, T261 and N265 not only contribute to GroES binding but also attenuate polypeptide binding, and thus discriminate GroES from polypeptide.
MATERIALS AND METHODS
GroEL, GroES, and other proteins. GroEL expression plasmid pET-EL was constructed by inserting a 1.7-kilobase MunI-SmaI fragment including the groEL gene isolated from pKY206 (a kind gift from Dr. K. Ito) into pET21c at EcoRI-SalI treated with Klenow fragment. GroES expression plasmid pET-ES2 was constructed by inserting a 780-base BstEII fragment containing the groES gene, which was isolated from pKY206 and treated by Klenow fragment, into pET21c. Reading frame of plasmid and groES gene were matched by Kunkel methods. Single-stranded DNA of the plasmid pET-EL and pET-ES2 was obtained by infecting E. coli CJ236 cells with helper phage M13KO7 (Pharmacia Biotech). Mutant GroEL and GroES were made by Kunkel methods. GroEL and its mutants were purified from E. coli strain BL21(DE3) bearing the plasmid pET-EL. Cells were sonicated in buffer A (25 mM Tris-HCl, pH 7.5, 1 mM EDTA) containing 1 mM phenylmethylsulfonyl fluoride and 1 mM DTT and the disrupted cells were subjected to centrifugation (20,000 ϫ g for 30 min). The supernatant fraction with 20% saturated ammonium sulfate was applied on a hydrophobic column (Butyl-Toyopearl, Tosoh) and washed extensively with buffer A containing 20% saturated ammonium sulfate and 20% (v/v) methanol. The column was eluted with a reverse linear gradient to buffer A. The fraction containing GroEL was concentrated by ultra-filtration (YM-100, Amicon) with buffer A at 4°C. The fraction was then applied on a gel-filtration column (Sepharose CL-4B, Pharmacia Biotech) and eluted with buffer A containing 30% methanol and 100 mM sodium sulfate. The fractions containing GroEL were combined, dialyzed against 50 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES)-NaOH, pH 7.2, containing 1 mM EDTA, and concentrated. The solution added to 20% (v/v) glycerol was flash-frozen by liquid-nitrogen, and stored in Ϫ80°C. GroES was purified from E. coli strain BL21(DE3) bearing pET-ES2 as described previously (12) . The purified GroES was dialyzed, concentrated by ultra-filtration (YM-10, Amicon), and stored in Ϫ80°C as GroEL purification. Purified GroEL and GroES contained only trace amount of contaminated proteins and showed very low Trp fluorescence, equivalent to less than 0.1 Trp per GroEL tetradecamer. GroEL and GroES concentration were determined by Bradford protein assay (Bio-Rad) calibrated by quantitative amino acid analysis. ATPase activity of GroEL was measured at 25°C by malachite green assay (13) . Unless stated, concentrations of GroEL and GroES are expressed as tetradecamer complex and hexamer complex, respectively. Expression and purification of rhodanese were carried out as described (14) . The expression plasmid pTTQ-12 for bovine rhodanese was a kind gift from P. M. Horowitz. Mouse dihydrofolate reductase (DHFR) was expressed and purified from E. coli bearing His-tag deleted pQE-16 (QIAGEN) (17) . Bovine apo-␣-lactalbumin (apoLA) was purchased from Sigma (type III, Ca 2ϩ -depleted). Reduced ␣-lactalbumin (rLA) was prepared by incubating apoLA with 5 mM DTT prior to experiment. Purity of apoLA determined by gelfiltration HPLC (G2000SW XL , Tosoh) and SDS-PAGE was about 95%. Concentration of apoLA was determined with extinction coefficient at 280 nm of 25,900 M Ϫ1 cm Ϫ1 (15) .
Fluorescence labeling of GroES. Fluorescein labeled GroES (GroES-F) was prepared as follows. GroES (1 mM as monomer) was reacted with 2 mM fluorescein-succinimidyl ester (Pan Vera) in 25 mM sodium phosphate buffer, pH 7.0, at 4°C for 24 h. Free fluorescein was quenched by 100 mM Tris-HCl and removed by a Sephadex G-25 column, and the fractions containing GroES were concentrated with Ultrafree-4 (Millipore). The yield of labeling was 0.2 fluorescein per GroES monomer. GroES-I was prepared as follows. A mutant GroES(Y71C) at 1 mM as monomer was reacted with 2 mM 5(2-iodoacetylaminoethyl)aminonaphthalene-1-sulfonic acid (Molecular Probes) in 25 mM Tris-HCl, pH 7.5, at 4°C for 24 h. Free reagent was quenched by 10 mM DTT, removed and concentrated. The ratio of labeled fluorescent moiety: GroES monomer was ϳ1:1. We examined the functional activity of labeled GroES and confirmed that both GroES-F and GroES-I indistinguishable from the intact GroES in suppression of GroEL-ATPase and in GroEL-mediated folding of rhodanese.
Binding assays by gel-filtration. GroEL/GroES-F complex was formed by incubating 0.25 M GroES-F and 0.5 M GroEL at 25°C for 60 min (or 1 min when indicated) in buffer B (50 mM HEPESNaOH, pH 7.2 and 200 mM KCl, 10 mM MgCl 2 and 2 mM DTT) containing 1 mM ADP, 20 mM glucose and 1 g/ml hexokinase Note. (Boehringer Mannheim). Hexokinase was used to hydrolyze contaminated ATP in the ADP solution (16) . Aliquots were loaded on a gel-filtration HPLC column (G3000SW XL , Tosoh) and eluted at a flow rate 0.5 ml/min with buffer B and, when indicated, 0.1 mM ADP. Elution was monitored with fluorescence at 520 nm (excitation wavelength at 490 nm). For analysis of GroEL/polypeptide complex, elution was monitored with Trp fluorescence at 340 nm (excitation wavelength at 295 nm). The GroEL/rhodanese complex was analyzed by the same procedure except that the complex was formed by diluting 6 M guanidine HCl denatured rhodanese with buffer B containing 0.5 M GroEL. The GroEL/rLA complex was formed by incubating 0.5 M GroEL and 0.25 M apoLA for 30 min in buffer C (50 mM HEPES-NaOH, pH 7.2, 200 mM KCl and 1 mM EDTA) containing 5 mM DTT and loaded on a gel-filtration column equilibrated with the same buffer. GroEL/apoLA complex was analyzed as GroEL/rLA complex except that DTT was omitted from the solutions.
Folding assays. DHFR and rhodanese were denatured in 6 M guanidine HCl and 1 mM DTT for 1 h and diluted into buffer B containing GroEL with 0.075 mM NADPH and 0.1 mM dihydrofolate, and 20 mM Na 2 S 2 O 3 , respectively. Final concentrations of the components were 0.5 M GroEL, 0.25 M DHFR or rhodanese, 60 mM guanidine HCl, and, when indicated, Ϯ5 mM ATP, and Ϯ1.0 M GroES. Binding of acid denatured green fluorescence protein (GFP) to GroEL and release from GroEL were carried out as described (16) . Concentrations of green fluorescence protein (GFP) and GroEL were 0.25 M and 0.5 M, respectively. Recovered activity of DHFR and fluorescence of green fluorescence protein (GFP) after a 30 and 20 min incubation were measured, respectively (16, 17) . In the case of rhodanese, recovered activity was measured after a 1.5 h incubation (18) .
Equilibrium and kinetical binding analysis. Trp fluorescence spectra were measured from 310 to 400 nm (10 nm slit-width) with excitation wavelength 295 nm (1.5 nm slit-width) by a fluorometer (FP-777, JASCO). The fluorescence of GroES-I were measured from 400 to 600 nm (5 nm slit-width) with the excitation wavelength 340 nm (1.5 nm slit-width). Background fluorescence was corrected. Binding kinetics were measured by mixing wild-type GroEL or E238A with GroES-I (final concentration, 0.73 M) at 25°C by a rapid mixing apparatus (Unisoku stopped-flow spectrofluorometer) or by manual procedure. The components in the buffer were the same as used in gel-filtration experiments to form GroEL/GroES-F. In the case of rapid mixing, the excitation wavelength was 340 nm (5 nm slit-width) and the emission light below 420 nm was filtered. The experiments were repeated six times at each concentration and averaged. Final concentrations of GroEL were 0.25, 0.5, 0.75, 1.0, 1.5,
FIG. 1.
The crystal structure of the mini-chaperone (apical domain of GroEL). Stereo-display of the GroES/polypeptide binding site of the mini-chaperone (PDB data 1KID) with a bound linker peptide. The linker peptide is shown by a yellow stick. Hydrogen bonds connecting N265 and the main chain carbonyl and amide of the peptide are shown by white dot lines. GroES/polypeptide binding site (helices H and I, residue 230 -242 and 256 -267, respectively) is colored with green, and residues mutated in this study are indicated by cyan and labeled. Oxygen and nitrogen atoms in the side chains are colored with red and blue, respectively. These residues are also involved in the binding of GroES in the GroEL/ADP/GroES structure. Other nearby hydrophilic residues, R231 (upper right corner) and E257 (right side of T261) are located in the GroEL subunit interface in the structures of GroEL and GroEL/ADP/GroES. Side chain of R268 (below N265) is not seen (GroEL/ADP/GroES structure) or fairly apart from the GroES/polypeptide binding site (GroEL structure). (inset) GroEL tetradecamer (PDB data 1OEL) drawn with RASMOL (25). and 2.0 M (wild-type GroEL) or 1, 2, and 4 M (E238A). Equilibrium binding of GroES-I and LA to GroEL was measured at 25°C with the change of fluorescence of the GroES-I (505 nm) and LA (340 nm) as a function of GroEL concentration. The components in the buffer were the same used in gel-filtration experiments to form individual complexes. GroES-I binding was assumed as the bimolecular binding scheme
where E is the concentration of GroES-I binding site of GroEL (one binding site per GroEL, ideally) and S is the concentration of GroES-I. The number of the binding sites per GroEL and the dissociation constant were calculated by fitting the titration data to tight binding equation as described (20, 22) . Data were analyzed by KaleidaGraph 3.0 (Synergy Software). Global fitting of kinetic data were calculated by DynaFit (19) . ApoLA binding was assumed as the scheme
where E is the concentration of polypeptide binding site of GroEL (if GroEL has n binding site with the same characteristics, then concentration is n ϫ GroEL) and P is the concentration of apoLA. The data were fitted as GroES-I binding. In the case of rLA, the scheme,
was adopted. E and P were defined as in Scheme 2. Least-squares fitting of the data was calculated by DynaFit.
RESULTS

Binding of GroES-F to GroEL mutants.
We generated GroEL mutants in which hydrophilic residues in the GroES/polypeptide binding site, E238, T261 and N265 were individually replaced with Ala (named as E238A, T261A and N265A, respectively). In addition, L237Q mutant was also examined as a control to confirm the contribution of hydrophobic interaction. Special precaution, column chromatography in the pres- GroEL by itself had a small residual fluorescence at 340 nm and control profiles without polypeptide are shown as dotted lines in C-E. L237Q and E238A contained small amount of Trp-containing proteins which appeared as a second peak and a shoulder, respectively. Unbound rhodanese in the L237Q solution was not recovered in gel-filtration probably because of precipitation prior to gel-filtration. From the top to the bottom, free GroES-F (or polypeptides), N265A, T261A, E238A, L237Q, and wild-type GroEL.
ence of 30% methanol, was taken to remove residuallybound polypeptides from GroEL. All GroEL mutants showed similar ATPase activities to wild-type GroEL (Table 1A) . It has been known that when GroES binds to GroEL, ATPase activity is suppressed. The typical and moderate suppression of GroEL-ATPase by GroES was observed for T261A and E238A, respectively. ATPase activities of other two mutants, L237Q and N265A were unaffected by GroES. This result suggested that E238A and T261A were able to interact with GroES while L237Q and N265A were not. Then, GroES-binding was directly tested with gel-filtration using fluorescent GroES-F ( Figs. 2A and 2B ; Table 1B ). GroES-F was confirmed to retain the function of native GroES; suppression of GroEL-ATPase and mediating GroES-dependent folding of rhodanese (data not shown). GroEL/GroES-F complex was formed in the presence of ADP and gel-filtration was carried out in the presence of ADP ( Fig. 2A) , or in the absence of ADP (Fig. 2B) . Without ADP, GroES-F dissociated from wild-type GroEL slowly during elution. L237Q completely lost the ability to bind GroES-F. N265A was also unable to bind GroES-F. The other two mutants, E238A and T261A could bind GroES-F but the binding ability was impaired since, during gel-filtration without ADP, they lost most of the bound GroES-F while wild-type GroEL retained more than half.
E238A binds GroES-I very slowly.
During these experiments, we noticed that binding of GroES-F to E238A proceeded much more slowly than the binding to wild-type GroEL because reducing incubation period prior to gel-filtration from 60 min to 1 min resulted in decreased yield of E238A/GroES-F complex while the yields of other complexes remained unaffected ( Fig. 2A,  dotted line) . To pursue the binding kinetics of GroES to GroEL, we prepared another fluorescence-labeled GroES, namely GroES-I. Similar to GroES-F, GroES-I retained full native function of GroES (not shown) but, different from GroES-F, fluorescence intensity of GroES-I decreased by 13% upon binding to GroEL in the presence of ADP (Fig. 3B, inset) . As shown in residually bound polypeptide gave this fast rate. In sharp contrast with wild-type GroEL, E238A bound GroES-I very slowly. The binding did not finish even after 40 min at 1 M E238A. k on was calculated to be 8.83 Ϯ 0.03 ϫ 10 3 M Ϫ1 s Ϫ1 , that is, about 3 ϫ 10 3 fold slower than that of the wild-type GroEL. It is likely that electrostatic attraction by the negative charge of E238 is greatly accelerating the binding of GroES.
Binding affinity of E238A to GroES-1. Equilibrium binding of GroES-I to GroEL was measured to estimate the binding affinity. GroES-I was incubated with various concentrations of GroEL long enough to reach equilibrium and the change of fluorescence was plotted with GroEL concentrations (Fig. 4) . Wild-type GroEL bound almost all of the added GroES-I until the molar ratio reached 1:1. Calculation gave the dissociation constant value (K d ), 0.06 nM, but this value should not be taken as a reliable one because the binding was too tight for accurate calculation. This value is smaller than the previously reported value of 0.5-3 nM (20) . E238A bound GroES-I at weaker affinity than the wildtype GroEL and K d was estimated to be 0.7 nM. As expected, N265A did not bind GroES-I. To summarize the results above described, all of the mutants are more or less impaired in GroES binding with N265A and E238A being the most incompetent and the most sluggish, respectively.
Binding of polypeptide to GroEL mutants. Binding of polypeptides was measured by several methods. Stable binding was detected by gel-filtration (Figs. 2C and 2D; Table 1C ). Since GroEL does not have Trp, the elution was monitored by Trp fluorescence of polypeptide. As shown, L237Q did not bind any of three polypeptides, rhodanese, rLA and apoLA. E238A and T261A behaved like wild-type GroEL; they bound rhodanese and rLA but not apoLA. N265A was unique because it only bound apoLA. The binding of rLA and apoLA was further analyzed as described later. Binding of DHFR and green fluorescence protein (GFP) was examined with the folding arrest assay (Table 1D ). For the substrate polypeptide that can fold spontaneously, GroEL inhibits its folding since GroEL binds nonnative folding intermediate and does not release it unless ATP is supplied. Except for L237Q, all mutants arrested the folding of DHFR and green fluorescence protein (GFP). Release from the arrest by ATP occurred normally for E238A and T261A and good amount of activities of DHFR and green fluorescence protein (GFP) were recovered. However, N265A was unique again; only very small activity was recovered by ATP. This indicated that N265A bound polypeptide so tightly that it could not release polypeptide even in the presence of ATP. GroEL-mediated folding of rhodanese is known to be GroES-dependent as shown in wild-type GroEL and T261A (Table 1E ). As expected from its difficulty to bind GroES and to release polypeptide, N265A failed to mediate folding of rhodanese. The results of L237Q and E238A need comment. Even though L237Q lost the ability to bind GroES, 31% of rhodanese activity was recovered under the condition where spontaneous recovery without GroEL was less than 5%. This recovery was independent from GroES since similar recovery was gained in the absence of GroES. Probably, L237Q interacted weakly with nonnative proteins, as shown in next paragraph, and prevented aggregation of rhodanese, thus facilitating spontaneous folding. Some small activity, 23%, was also recovered by E238A in the absence of GroES. We assume that altered manner of E238A mutation to bind and release nonnative rhodanese in the presence of ATP somehow gives rise to some opportunity for nonnative rhodanese to fold correctly. When GroES was present, the recovery by E238A increased to 33%. Time course of the recovery was slow and proceeded linearly more than two hours whereas recovery mediated by other GroEL mutants reached the saturation within 60 min (data not shown). The slow binding of GroES to E238A may be responsible for this unusual characteristics.
Binding of rLA and apoLA to GroEL mutants. When rLA and apoLA bind to GroEL, Trp fluorescence of LA increased (Fig. 5, insets) . Using this fluorescence change induced by the binding to GroEL, equilibrium binding of LA to GroEL was analyzed (Fig. 5) . The experimental data of apoLA was well fitted to Scheme 2 but those of rLA, especially those of E238A and N265A, needed to assume Scheme 3 for satisfactory fitting (see Materials and Methods). The obtained values are shown in Table 2 and calculated lines based on these values are illustrated by solid lines in the Figure. Consistent with the results of gel-filtration, wild-type GroEL and three mutants, T261A, E238A, and N265A, bound rLA tightly (Fig. 5A ). E238A and N265A bound rLA most tightly (K d1 Ͻ 1 nM). T261A and wild-type GroEL bound rLA at the same nM range of affinity with T261A being slightly tighter. K d2 values of E238A and N265A were in the order of 100 nM. For T261A and wild-type GroEL, K d2 values were too large to obtain accurately and neglected. The fitting indicated that maximally four rLA could bind to a single GroEL. This is not unusual because the binding of four substrate polypeptides have been known for other proteins (21, 22) . We previously obtained the value 1 M as a K d value of GroEL to bind rLA based on isothermal calorimetry (15) . However, reexamination of calorimetry using highly purified GroEL which we used in this report gave K d of 55 nM (K. Aoki, unpublished result). The K d value of 100 nM was reported by others (23) . Related to the rhodanese folding experiment as mentioned in the previous paragraph, even L237Q had a weak interaction with rLA (K d ϳ 2 M).
Although binding of apoLA to wild-type GroEL was not detected by gel-filtration (Fig. 1E) , it was detected under the equilibrium condition and K d was estimated Note. Values were calculated from the data of Fig. 5 . Number of binding sites per GroEL shown in parenthesis were fixed to be 2.0 (*) or obtained from fitting. For rLA binding to E238A and N265A, Scheme 3 was applied assuming number of binding sites to both K d1 and K d2 was equal. Scheme 2 with single K d was applied to others (see Materials and Methods). ND: not determined.
to be 1.7 M (Fig. 5B) . The value is close to the previously reported value, 1 M (23). Noticeably, K d of N265A, 1.4 nM, is three orders smaller than that of wild-type GroEL. Other two mutants, T261A and E238A also bound apoLA with higher affinity than wild-type GroEL. Thus, all of E238A, T261A and N265A have higher affinity to rLA and apoLA than wild-type. To summarize the results of polypeptide binding, all of E238A, T261A and N265A have more or less stronger binding affinity to substrate polypeptide with N265A being the extreme.
DISCUSSION
It has been known that hydrophobic side chains in the GroES/polypeptide binding site (helices H and I) of GroEL are essential for the binding of both GroES and polypeptide. However, the role of hydrophilic residues contained in this region has not been clearly understood although pioneering work by Fenton et al. revealed that E238 and N265 are important for GroES binding but not for polypeptide binding (10) . The major message of this communication is that these hydrophilic residues have an opposite effect on GroES binding and on polypeptide binding. This was typically shown by N265A mutant. N265A is unable to bind GroES-F and GroES-I, and thus N265 has indeed vital importance for the binding of GroES. The replacement of Asn with Ala at position 265 should cause the increase of hydrophobic surface in the binding site but this increased hydrophobicity does not contribute to GroES binding at all. In the crystal structure of GroEL/ ADP/GroES complex, side chain of N265 has two hydrogen bonds with main chain of GroES and these bonds are likely to be essential for the binding of GroES. In the mini-chaperone structure, N265 also has two hydrogen bonds with main chain of the bound peptide (Fig. 1) . However, loss of these hydrogen bonds by the mutation N265A did not impair the ability to bind polypeptide, indicating that the peptide binding manner observed in the mini-chaperone structure mimics the manner of GroES binding in the intact GroEL rather than that of polypeptide binding (24) . Moreover, we found that N265A bound apoLA more tightly than wild-type GroEL by a factor of three orders and the N265A/apoLA complex was readily isolated by gel-filtration. The denatured DHFR and green fluorescence protein (GFP) bound to N265A so tightly that they did not dissociate from N265A even after ATP was provided. The increase in hydrophobic surface in the binding site by the replacement of Asn with Ala strengthens binding affinity of polypeptide. In other words, the side chain of Asn at position 265 in native GroEL is exerting an attenuating effect on polypeptide binding. It may have functional significance because if a polypeptide binds to GroEL too tightly, then difficulty will arise to release it at appropriate moment. Probably, N265 has a critical, delicate role to balance the binding affinity of GroES and that of polypeptide.
